Purpose: After cranioplasty with a titanium mesh, radiofrequency (RF)-shielding images appear during magnetic resonance (MR) imaging. To clarify their influence, we evaluated the effect of mesh position, phase-encoding direction, and type of coil employed.
Introduction
Currently, titanium mesh is one of the most useful materials for cranioplasty implants because of its excellent biocompatibility and mechanical performance. [1] [2] [3] [4] [5] Other properties of titanium include radiolucency and nonferromagnetic, so its use produces no major artifacts on postoperative computed tomography (CT) or magnetic resonance (MR) images. 5 However, in patients who have undergone cranioplasty with a titanium mesh, radiofrequency (RF)-shielding images can still appear during MR imaging examinations (Fig. 1a-c ). This shielding effect may change according to the situation, such as the position of the mesh, slice orientation, and phase-encoding direction, and it may affect the diagnosis. Nevertheless, few reports describe the effects of the titanium meshes used during cranioplasty.
In MR imaging of the brain, a phased-array coil is frequently used because it offers the signal-to-noise ratio (SNR) and resolution of a small surface coil over fields of view (FOV) that are normally associated with body imaging without increasing imaging time. 6 To clarify the influence of the RFshielding effects with the titanium mesh, we evaluated the effect of the position of the mesh, phaseencoding direction, and type of coil (quadrature [QD] coil and neurovascular [NV] phased-array coil) used during MR imaging.
Materials and Methods
A 1.5T MR imaging scanner (GE Healthcare, Milwaukee, WI, USA) with a QD head coil (transmission and receiving coil) and an 8-channel NV phased-array coil (receiving coil) was used. We created a phantom to mimic a human brain by filling a cubic bottle with 33 mg/L of manganese chloride tetrahydrate and 3.6 g/L of sodium chloride (T 1 relaxation time, 726.67 ms; T 2 relaxation time, 92.57 ms). The phantom was used for all experiments and placed at the center of these coils.
To assess position dependence, we set a titanium mesh board (100 © 100 © 0.8 mm; Fig. 2a ) in 3 positions-to the right of the phantom (Rt), anterior to the phantom (Ant), and at the superior end of the phantom (Sup). The mesh was placed at the center of each surface individually to mimic a human brain in the supine position with a titanium mesh cranioplasty during an MR imaging examination (Fig. 2b) . To assess dependence on slice orientation, we scanned the cross-sections (coronal, axial, and sagittal views) at the center of the titanium mesh board, which was identical to the material used in actual cranioplasty. To assess the influence of the titanium mesh board on the scan, we measured nonuniformity, the ratio of signal decay, and the B 1 map.
We calculated nonuniformity (N) using Eq. 1 according to the method of the National Electrical Manufacturers Association 7 :
and defined the absence of image nonuniformity as 
We set the size of the region of interest (ROI) to 75% of the center of the phantom area in all images, measured the maximum (S max ) and minimum signal intensities (S min ) of the ROIs, and compared them with the absence of the titanium mesh.
We calculated the ratio of signal decay by dividing the signal intensity of the image obtained in the presence of the titanium mesh by that of the image obtained when the titanium mesh was absent. Moreover, the profiles of the signal decay ratio were created at right angles to the center of the titanium mesh, from the edge of the phantom on the side of the titanium mesh to the edge on the opposite side (Fig. 2b) . If the signal intensity did not change between the presence and absence of the titanium mesh, the ratio of signal decay in the profile was one. This ratio was defined as the base value.
We employed a two-dimensional (2D) spin echo sequence using parameters: repetition time (TR)/ echo time (TE), 3800/12 ms; flip angle, 90°; matrix, 256 © 256; FOV, 200 © 200 mm; band width, « 15.63 kHz; slice thickness, 8 mm; number of slices, one; and number of signals averaged (NSA), one.
The double-angle method allows calculation of a flip-angle map, which is an indirect measure of the B 1 field, namely the B 1 map. 8, 9 If the effects of T 1 and T 2 relaxation are neglected, then the actual flip angles (A) as a function of spatial position satisfy Eq. 2:
A ¼ arccos ðS2a=2SaÞ: ½2
We acquired 2 gradient echo images, in which case, Sa was the signal intensity of the image obtained with a 40°(© 1) flip angle, and S2a was that of the image obtained with an 80°(© 2) flip angle. A long TR (TR > T 1 relaxation time of the phantom © 5) was typically used with the double-angle method to avoid T 1 dependence of either the Sa or S2a. We employed a 2D gradient echo sequence (TR/TE, 3800/4.5 ms; matrix, 128 © 128; FOV, 200 © 200 mm; bandwidth, « 15.63 kHz; slice thickness, 8 mm; number of slices, one; NSA, one) so that the B 1 map for the 40°flip angle images could be calculated.
For all analyses, we used ImageJ software (National Institute of Mental Health, Bethesda, MD, USA). Figure 3 indicates little difference in nonuniformity depending on the phase-encoding direction and between the presence and absence of the titanium mesh on the Sup. With use of the QD head coil, the average of the nonuniformity with the titanium mesh on the Rt and Ant of the phantom was approximately 6.7 times higher than that with the mesh on the Sup (at all cross-sections) and when the mesh was absent (Fig. 3a-c) . With use of the NV coil, the average of the nonuniformity with the titanium mesh placed on the Rt and Ant of the phantom was approximately 1.6 times higher than that with the mesh on the Sup and when the mesh was absent in the coronal and sagittal views and approximately 2.4 times higher than that when the mesh was absent on the Ant and Rt in the axial view (Fig. 3a-c) .
Results
In the profile of the signal decay ratio, we measured the distance from the edge of the phantom with the titanium mesh to the position of the base value. When using the QD head coil with the titanium mesh on the Rt of the phantom in the coronal and axial views, the profile of the signal decay ratio was increased by 1.9% mm ¹1 from 0 to 40 mm. The ratio was increased more than the base value over 40 mm. The profile of the signal decay ratio was increased by 0.7% mm ¹1 from 0 to 80 mm with the mesh present on the Ant of the phantom in the axial and sagittal views and decreased by 0.2% mm ¹1 from 0 to 30 mm toward the base value with the mesh on the Sup in the coronal and sagittal views (Fig. 4a-c) . Using the NV coil, the ratio was increased by 0.9% mm ¹1 from 0 to 80 mm when the titanium mesh was on the Rt in the coronal view and Ant in the sagittal view and 0.6% mm ¹1 from 0 to 90 mm when the mesh was on the Rt and Ant in the axial view. These profiles showed that when the titanium mesh was on the Sup, base values remained the same in the coronal and sagittal views (Fig. 5a-c) .
On the B 1 map, the color green depicted a suitable flip angle. The flip angle was lower near the titanium mesh (blue) than at a distance from the mesh (green). When the titanium mesh was on the Sup of the phantom, we observed no blue area in the coronal and sagittal views (Fig. 6a, b) .
Discussion
A changing magnetic field induces electromotive force in the body that produces an eddy current, which, in turn, creates an RF shielding effect when the magnetic field that is this electric current weakens an RF magnetic field. As the larger electric conductivity is increasing, so is the larger eddy current. If electric conductivity is extremely high (e.g., copper), the magnetic field produced by the induced current completely offsets the RF. This effect is used for RF shielding of the MR imaging room.
When a patient enters an MR imaging unit wearing a device that contains a loop of conducting material adjacent to the region to be imaged, problematic eddy currents may be induced. Deterioration of images caused by the use of a surgical halo have been reported to arise from gradient-generated 10 or RF-generated eddy currents. 11 Though both the RF and gradient could generate eddy currents, the frequencies of the 2 types of currents differ. These eddy currents distort the RF excitation field and generate image artifacts in the vicinity of the loop. 12 The signal intensity of the brain under the titanium mesh was significantly reduced, but the signal in the subcutaneous tissue above the mesh was maintained in the clinical images (Fig. 1) . These images showed shielding of the RF by the mesh, the induction of which we attributed to eddy currents. The effects of the induced eddy currents on images have been reported, but few reports have described the effects of titanium meshes used after cranioplasty.
We made 3 major findings related to the influence of the phase-encoding direction, position of the titanium mesh board, and coil dependence.
The first concerns the influence of the phase-encoding direction. The exchange of the read and phase-encoding directions has been reported to decrease the effects of the induced eddy currents on the image when a surgical halo is used. The phaseencoding gradient would be less susceptible to the effects of eddy currents because the image contrast would come predominantly from components with low spatial frequency that are associated with very low strength, phase-encoding gradients. 13 Eddy current artifacts are reported to substantially decrease by adjustment of the phase-encoding direction, because the phase-encoding gradient is applied well before the signal is read, which in turn decreases the effects of any eddy currents generated on that signal. 13 Though use of a surgical halo can produce a conducting loop, 10, 11 such an effect with the titanium mesh did not differ remarkably according to the phase-encoding direction. Thus, the RF-shielding effects from the use of a titanium mesh are by no means related to phase-encoding direction.
The second finding regards the influence of the position of the titanium mesh board. The RFshielding effect caused by the eddy currents was responsible for the areas of low signal in images ( Fig. 1 ) and low flip angle in the B 1 maps (Figs. 5,  6 ). If these were susceptibility artifacts, the distortions would appear in every cross-section and on every position of the titanium mesh, including the superior end. Therefore, susceptibility-induced signal loss could be ruled out. The RF-shielding effect was unremarkable when the titanium mesh was on the Sup. In theory, the nonsensitive direction resulting from the parallel the magnetic field lines and magnetostatic fields (B 0 ) and the lack of change in the magnetic flux had the same effect as a change in the direction of the surface coil. The eddy currents were supposed to be parallel to the magnetic flux on the Sup, which was nonsensitive and uninfluenced by nonuniformity and the B 1 map. The B 1 rotating magnetic field is oriented perpendicularly to the main magnetic field B 0 . As a result, when the titanium mesh was placed perpendicularly to B 0 , the RF shielding effect was minimal. Our data suggest that the titanium mesh has a location-dependent magnetic field.
The third finding relates to the influence of coil dependence. The geometric arrangements of the 2 coils are different. The QD head coil is likely of the birdcage type, in which the copper conductors surround the head in a cylindrical pattern, whereas the NV coil likely consists of multiple surface coil elements. The difference in nonuniformity between the conditions with and without the titanium mesh was greater using the QD coil than the NV coil. When the QD head coil was used with the titanium mesh on the Rt, the profile of the signal decay ratio was inclined to greater than the base value (>one) at the opposite side of the titanium mesh. The area of sensitivity seemed to be shifted to the opposite direction. In addition, when the titanium mesh was on the Sup, the profile of the signal decay ratio declined toward the base value. These effects were not seen when the NV coil was used. One plausible reason for these effects is the formation of areas of roughness and fineness in the magnetic flux by the eddy currents from the titanium mesh. Another possible explanation is the wider transmission of an RF pulse by a transmission coil for the whole body than a coil for the head; it is believed that an RF pulse penetrates more deeply into a signalshielding area with the titanium mesh. In a phasedarray coil, the signal is processed by an independent reception circuit; thus, we considered that the NV coil has the advantage of having less influence on the RF-shielding effect compared with the QD coil. Therefore, we considered that image quality was better with the NV coil than the QD coil.
This study is a first step toward obtaining additional knowledge regarding eddy currents from titanium mesh during MR imaging examinations. However, additional study is required to improve imaging quality in the presence of a titanium mesh, including assessment of the effects of pulse sequences and magnetic strengths (3T) and a threedimensional imaging study to cover the entire imaging of whole brain. It should be noted that great differences in the RF-shielding effect may be observed between individual patients who have titanium meshes implanted. Because the effect depends on the position of the titanium mesh and cross-sections selected in images of real patients, comparison based on the influence of the titanium mesh is difficult. Thus, our results obtained using the cubic phantom with the titanium mesh board should be considered as preliminary data.
In conclusion, our results suggest that the response to the RF-shielding effect from a titanium mesh depends on the location of the mesh and the RF coil employed but not on the phase-encoding direction.
